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Lectures	7-8	outline

• Radio	astronomy	preliminaries
• Radiative	transfer
• Relevant	emission	mechanisms
• Types	of	solar	radio	bursts

• Radio	observations	of	CMEs
• CME	body	

• Thermal	CME
• Gyrosynchrotron CME
• Type	IV	radio	bursts

• CME-driven	shocks
• White	light/EUV	imaging,	UV	spectroscopy,	and	in	situ	signatures
• type	II	radio	bursts

This	Lecture



Gyromagnetic	radiation

• Acceleration	experienced	in	the	magnetic	field
• Gyroresonance radiation	from	thermal	
electrons.	Relevant	in	places	with	strong	B	
field:	e.g.,	active	regions
• Gyrosynchrotron radiation	from	relativistic	
electrons.	Relevant	when	high	energy	
electrons	are	present:	e.g.,	flares	and	CMEs
• Electron	gyrofrequency:	one	“natural	
frequency”	of	the	solar	corona	
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How	about	gyrosynchrotron emission?74 SOLAR AND SPACE WEATHER RADIOPHYSICS

Figure 4.1. Characteristic radio frequencies for the solar atmosphere. The upper-most charac-
teristic frequency at a given frequency determines the dominant emission mechanism. The plot
is meant to be schematic only, and is based on a model of temperature, density, and magnetic
field as follows: The density is based on the VAL model B (Vernazza et al. 1981), extended to
105 km by requiring hydrostatic equilibrium, and then matched by a scale factor to agree with 5
£ the Saito et al. (1970) minimum corona model above that height (the factor of 5 was chosen to
give 30 kHz as the 1 AU plasma frequency). Temperature was based on the VAL model to about
105 km, then extended to 2£106 K by a hydrostatic equilibriummodel. The temperature is then
taken to be constant to 1 AU. The magnetic field strength was taken to be the typical value for
active regions given by Dulk & McLean (1978), B = 0.5(R/RØ ° 1)1.5. For the ∫(øÆ = 1)
curve, a scale height L is needed. We used L = H0(T/T0)(R/RØ)2 whereH0 = 0.1RØ and
T0 = 2£ 106 K. Near the Sun, the curves apply to active regions.

third harmonic ∫ = 3∫B . Figure 1 shows that the 3∫B line lies above the øÆ = 1
level down to 1–2 GHz, and extends up in frequency to ª 20 GHz—both of
which agree well with the observed range. During bursts, gyroemission is more
typically at ∫ = 10∫B , from which we see that gyroemission during bursts can
extend to 800–900 MHz in the decimetric range. At mm wavelengths ª 100
GHz, bursts can be dominated by either free-free or gyroemission, depending
on the number and energy of emitting particles. Outside of flares, the emission
above 20 GHz is entirely due to free-free emission.

B	field?	
nonthermal	
electrons?

• CMEs/flares	produce	accelerate	electrons
• CMEs	are	“magnetic	clouds”



Gyrosynchrotron vs.	thermal:	
from	a	toy	model
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Figure 8. Comparison of the CME free-free spectrum from Figure 1 with gyrosynchrotron spectra for 
various parameter choices. (a) The effect of varying the magnetic field strength B, (b) the effect of varying the 
electron power law index &, and (c) the effect of varying the column number density of energetic electrons NL. 

ference emission resulting from the CME. This is certainly the 
case for the model brightness shown in Figure 3, which is based 
on SXT images taken during a major restructuring of the 
corona (which is itself believed to be related to the launch of a 
CME). In general, therefore it will be difficult to identify ther- 
mal emission from a CME against the disk in a single differ- 
ence map. However, we would like to point out that an addi- 
tional tool will be available to assist in their detection in 
practice: source motion. A time sequence of difference maps 
will be continuously available. The temporally coherent nature 
of the disturbance should be readily apparent even when the 
residual emission is too great to see the CME unambiguously 
in a single difference image. 

5. Discussion and Conclusion 
On the basis of simulations described in previous sections, 

we conclude that the thermal bremsstrahlung emission from 
CMEs off the limb of the Sun can be detected by a Fourier 
synthesis radio telescope operating within a suitable range of 
decimetric wavelengths provided approximate or exact differ- 
ential detection schemes are employed. The detection of ther- 
mal emission from CMEs viewed against the disk is a more 
difficult problem because they must be viewed against residual 
emission due to solar rotation and intrinsic source variability. 
However, the residual emission should change rather slowly 
over successive difference maps and the presence and motion 
of some CMEs may therefore be seen even in 1ow-SNR regimes. 

In some respects the model we used presents a more difficult 
imaging problem than we might expect to encounter in prac- 
tice. For example: 

1. For the background solar brightness distribution we 
used SXT images that correspond to a major restructuring of 
the corona. In a more typical pair of SXT images, there would 
be fewer changes due primarily to solar rotation and localized 
spatial evolution. 

2. We used a perfectly smooth CME, with uniform elec- 
tron density. For a given mass, a real CME would have a less 

uniform distribution of electron density, and since the free-free 
emission is weighted by the square of the density the brightness 
of parts of the CME could be much greater than in our model. 

3. We considered only free-free emission from the thermal 
plasma within the CME. We briefly mention the possible in- 
fluence of nonthermal electrons entrained in the CME. The 
relevant emission mechanism, as discussed above, is nonther- 
mal gyrosynchrotron emission, due to electrons spiralling in 
the magnetic field of the CME. The parameters relevant to the 
emission are the magnetic field strength B, the column density 
of energetic electrons with energy greater than 10 keV, NL, 
and a measure of the electron distribution, such as power law 
index & if the distribution is a power law in energy. Figure 8 
compares the gyrosynchrotron brightness temperature spec- 
trum with the thermal spectrum (shaded gray) for various 
ranges of these parameters. We take as a central set of param- 
eters a column number density, NL = 10 •3 cm -2 (about 10 -5 
of the column density of thermal electrons), a magnetic field 
strength B = 2 G, and power law index & = 5. In Figure 8a the 
gyrosynchrotron spectrum for these parameters is plotted (la- 
beled 2G), along with other spectra showing the effect of rais- 
ing the B field to 5 G, or lowering it to 1 G. In Figure 8b the 
effect of changing the power law index to 5 = 3 or 7 is shown, 
and in Figure 8c the effect of changing NL by a factor of 10 in 
each direction is shown. It is clear from these spectra that even 
a relatively small number of nonthermal electrons can greatly 
increase the brightness of the CME, with a corresponding 
enhancement in our ability to image the CME. 

In conclusion, this work has shown that it is possible, with a 
properly designed radio instrument, to directly image CMEs in 
the radio regime. The range of CME masses accessible to 
direct imaging depends on many factors, however, whether the 
CME is seen against the solar disk or off the limb, whether 
approximate or exact differential detection techniques are em- 
ployed, and the details of the array configuration. We have 
addressed what we regard as the most difficult imaging prob- 
lem, that of thermal free-free emission in the presence of 

From	Bastian	&	Gary	1997



First	observation	of	a	
gyrosynchrotron “radio	CME”

No. 1, 2001 BASTIAN ET AL. L67

Fig. 2.—(a) Snapshot map of the radio CME at a frequency of 164 MHz at the time of maximum flux. The background emission from the Sun has been
subtracted. Time variable radio emission from a noise storm is present to the northwest. The brightness of the CME is saturated in the low corona because the
map has been clipped at a level of 0.04 SFU beam!1, corresponding to a brightness temperature K. The radio CME is visible as a complex ensemble5T ≈ 2.6# 10B

of loops extended out to the southwest. Also shown is the spectral index measured at four locations in the radio CME. (b) Flux spectra measured at the four
points shown in (a). All flux measurements have been normalized to SFU Nbeam!1, where Nbeam is the 164 MHz beam. Model spectra are also shown (see text
and Table 1). (a) is available as an animated time sequence of images showing the expansion of the CME loops. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 3.—(a) LASCO C2 coronagram obtained at 10:04:51 UT, just before the radio CME was first detected. The diagonal line shows the position angle along
which position measurements shown in (g) were made. (b) Radio CME, seen at the time of maximum flux at 164 MHz at 10:13:23 UT. The white lines indicate
the position of the leading edge of the white-light CME at the times shown in (a) (C2-1) and (c) (C2-2). (c) LASCO C2 coronagram obtained at 10:31:20 UT,
shortly after the radio CME was no longer detectable. (d) Radio CME at 236.6 MHz at the same time as in (b). (e) Same as (d), but at 327 MHz. (f) Same as
(d), but at 421 MHz. (g) Height vs. time for the white-light CME measured in C1, C2, and C3 compared with measurements of the radio CME at 164 MHz. All
measurements were made at the leading edge of the white-light or radio CME at the position angle shown in (a). [See the electronic edition of the Journal for a
color version of this figure.]

Bastian	et	al.	2001

Type	I	noise	storm

Radio	CME



Radio	CME	=	CME	cavity	(flux	rope)?

Demoulin et	al.	2012,	another	(maybe	the	only	
other)	radio	CME	event	on	2001	April	15



Why	interested	in	gyrosynchrotron
radio	CMEs?
• Corona	is	
• Optically	thin
• Low	B	field	strength
• High	temperature	->	large	spectral	line	broadening

• Extremely	difficult	to	measure	B	field	in	the	corona
• Gyrosynchrotron radio	measurement	provides	
constraints	on	B	and	its	direction
• CME	is	one	of	the	most	important	drivers	of	space	
weather.	Interplanetary	magnetic	field	(IMF)	Bz very	
important	in	space	weather	applications



Impacts	of	IMF	Bz

Bisoi et	al.	2016



CME	and	magnetospheric
substorm:	an	animation

Credit:	NASA/THEMIS



CME	B	field	and	thermal/nonthermal	
electron	properties

• BCME ~	0.1	– few	G
• nth ~	few	x	107 cm-3

• Ee ~		0.5	– 5	MeV	
Bastian	et	al.	2001



Gyrosynchrotron or	plasma	radiation?	
How	to	tell?74 SOLAR AND SPACE WEATHER RADIOPHYSICS

Figure 4.1. Characteristic radio frequencies for the solar atmosphere. The upper-most charac-
teristic frequency at a given frequency determines the dominant emission mechanism. The plot
is meant to be schematic only, and is based on a model of temperature, density, and magnetic
field as follows: The density is based on the VAL model B (Vernazza et al. 1981), extended to
105 km by requiring hydrostatic equilibrium, and then matched by a scale factor to agree with 5
£ the Saito et al. (1970) minimum corona model above that height (the factor of 5 was chosen to
give 30 kHz as the 1 AU plasma frequency). Temperature was based on the VAL model to about
105 km, then extended to 2£106 K by a hydrostatic equilibriummodel. The temperature is then
taken to be constant to 1 AU. The magnetic field strength was taken to be the typical value for
active regions given by Dulk & McLean (1978), B = 0.5(R/RØ ° 1)1.5. For the ∫(øÆ = 1)
curve, a scale height L is needed. We used L = H0(T/T0)(R/RØ)2 whereH0 = 0.1RØ and
T0 = 2£ 106 K. Near the Sun, the curves apply to active regions.

third harmonic ∫ = 3∫B . Figure 1 shows that the 3∫B line lies above the øÆ = 1
level down to 1–2 GHz, and extends up in frequency to ª 20 GHz—both of
which agree well with the observed range. During bursts, gyroemission is more
typically at ∫ = 10∫B , from which we see that gyroemission during bursts can
extend to 800–900 MHz in the decimetric range. At mm wavelengths ª 100
GHz, bursts can be dominated by either free-free or gyroemission, depending
on the number and energy of emitting particles. Outside of flares, the emission
above 20 GHz is entirely due to free-free emission.

Gyrosynchrotron
CME

• Image	features
• Spectral	features
• Polarization



Solar	Type	IV	Radio	Bursts

Weiss	1963	categorized	them	
in	two	subtypes:
1. Stationary	type	IV	(type	

IVs):
• Relatively	long-duration,	
broad	continuous	spectrum,	
little	or	no	source	movement,	
small	source	diameter,	strong	
polarization	(usually	in	o	
mode)

2. Moving	type	IV	(type	IVm):
• Fairly	short-duration,	ill-
defined	spectral	features,	
rapid	outward	movement	
through	the	corona	(x100	
km/s),	sometimes	polarized	in	
x	mode

From	Stephen	White



Moving	Type	IV	Radio	Bursts

• Ejecting	radio	blobs	associated	
with	CMEs,	but	usually	slower
• Trailing	CME	front

19
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S

Smerd &	Dulk 1971

290	km/s

Bain	et	al.	2014 ~250-500	km/s

front

cavity



Spectral	feature

Indication	of	gyrosynchrotron emission

B	~	4	G,	Enonthermal ~	0.001%	- 0.1%	Ethermal

Bain	et	al.	2014



Another	example	from	a	student	
in	this	class

From	Sherry	Chhabra	(NJIT) Observed	by	Long	Wavelength	Array	in	Owens	
Valley	at	~50	MHz. Optically	thick	part	of	the	
CME	GS	emission?



Type	IVm from	CME	initialization	stage

source, e.g., starting at NRH 432MHz at 12:50:30 UT and
appearing successively later at lower frequencies, as indicated
in the images with the 327 and 298MHz contours.

To determine how the AR and LT sources contribute to Flare
Continuum A, we compare the flux density of these sources
observed with NRH to the flux density observed with Orfées at
the same frequencies; the results are shown in Figure 5. Panel
(a) provides a zoom of the radio burst and panels (b)–(e)
provide normalized flux comparisons at 270, 298, 327, and
432MHz. There is a much stronger relationship between Flare
Continuum A flux (black curve) and the AR source flux (red
curve). The LT source (blue curve) is sporadic and only
appears after Flare Continuum A has begun. For example, we
have marked with circles on the dynamic spectrum in Figure 5
the time at which the LT source reaches its first flux peak at
each frequency. At frequencies below 327MHz the LT
source only appears toward the end of Flare Continuum A.
Furthermore, as shown in Table 1, the LT source was much
weaker in flux density than the AR source at most frequencies.
It is only at 432MHz that the two sources are comparable
in their maximum fluxes. Hence, Flare Continuum A
was primarily produced by the AR source, with some
contribution by the LT source only at frequencies of
∼432MHz and above.

Previous observations of flare continua during flare peak do
not always show a frequency drift in dynamic spectra.5

However, interestingly, Flare Continuum A shows a drift to
lower frequencies over time. This may be due to the active
region source losing density over time and therefore emitting at
increasingly lower plasma frequencies. Indeed, because of its
drift, this flare continuum resembles previous observations of
drifting pulsating structures (Karlicky & Odstrcil 1994; Khan
et al. 2002; Karlický et al. 2005) or type II precursors (Klassen
et al. 2003b). Those studies showed such features to be
associated with moving radio sources in the corona. However,
in the event studied here, the predominant radio source shows
no motion. The drifting flare continuum is from a stationary site
of electron acceleration associated with the flaring active
region. It is therefore important to stress that frequency drift in
dynamic spectra does not necessarily imply motion of the burst
driver. Both radio dynamic spectra and radio imaging are

Figure 4. (a) Orfées and NDA dynamic spectrum observations from ∼1000 to 10 MHz during periods 2, 3, 4, and 5 as indicated by the vertical dashed lines. Emission
C and type IIIs are observed in period 2 (imaged in Figure 3(c)). In period 3 “Flare Continuum A” begins, while the starting frequencies of the type IIIs observed in
NDA show a slow drift toward lower frequencies, indicated by the black arrows. The colored crosses highlighted on the dynamic spectrum correspond to the
frequencies and times of the NRH contours below the dynamic spectrum, overlaid on AIA 171 Årunning ratio images (NRH contours are in Tlog B10( [K])). At each
frequency, two sources are identified in these images: a stationary (AR) source located above the active region, and a much weaker looptop (LT) source located above
the northwest loop (“NW Loop,” as indicated) of the rope. During period 4 a separate “Flare Continuum B” can be observed in Orfées around 400 MHz.

5 As outlined in McLean & Labrum (1985) and Pick (1986), there are
different subclassifications of flare continua. Due to its occurrence at flare rise
and peak, we identify this flare continuum as a flare continuum-M (FCM), also
known as a flare continuum early (FCE). FCM (or FCE) do not usually show a
drift in dynamic spectra. A separate type of continuum, known as FCII or type
IVmB, often does show a drift, but this usually occurs slowly over a period of
∼1 hr after the flare peak.

5
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Coincide	with	an	expanding	
loop	seen	by	SDO/AIA

Carley	et	al.	2016

the jet along Spine 1 and those reaching interplanetary
distances may be only indirectly related.

4.2. Expected Sites of Electron Acceleration during Flux Rope
Eruption: Acceleration

During period 2, we reported a highly structured set of radio
sources that was maintained above the rope northwest loop for

over 5 minutes. This clearly indicated a site of electron
energization above the rope as it erupts. Figure 11(b) shows
a configuration that may explain the observations. Following
Joshi et al. (2015), the eruption of the flux rope may have
induced reconnection at the null point in the large fan-spine
structure, allowing accelerated electrons to escape along Spine
2 to produce type IIIs.6 In our observations, these type IIIs
begin at ∼12:42 UT. This is exactly the time at which circular
flare ribbons (of the proposed fan-spine structure) begin to
brighten in EUV images, as reported in Joshi et al. (2015). The
observations of radio sources above the rope and the bright-
ening of large EUV ribbons lower in the corona is therefore
consistent with Figure 11(b); i.e., the electrons propagating on
Spine 2 cause the radio emission, while those propagating
downwards along the fan produce the EUV ribbons when they
reach the low corona/chromosphere. The speed of the erupting
rope at the time of this activity was estimated from the
distance–time maps to be ∼100 km s−1 (see Figure 10). As
mentioned above, it is unlikely for this speed to be in excess of
the Alfvén speed low in the corona (on the order of 103 km s−1

(Mann et al. 2003)), ruling out the presence of a shock at this
time. Hence, the most likely electron acceleration mechanism is
reconnection above the rope at the null point in the fan-spine
structure. A similar interpretation of the interaction of an
erupting sigmoid with overlying loops producing radio
pulsations was proposed in Aurass (1999).

4.3. Expected Sites of Electron Acceleration during Flux Rope
Eruption: Flare Peak

We have shown in period 3 that the stationary radio source
close to the AR source was predominantly responsible for Flare
Continuum A, seen in the spectrogram. Despite being
stationary, an apparent drift of this burst was produced in the
dynamic spectrum. This may be due to a number of reasons,
e.g., the drift in the spectrum may be from the source losing
density with time and hence emitting at lower plasma
frequencies over time. It could also be caused by the source
moving directly toward the observer, resulting in little move-
ment in the POS. Despite these possibilities, it remains unclear
as to why there was a drift of Flare Continuum A in the
dynamic spectrum.
At the same time as the AR source, we observed an LT

source above the northwest section of the rope and moving
with a velocity of 395 km s−1. The similarity of this to the flux
rope velocity lead us to suggest that the flux rope was the
driver of this source as it erupted. The postulated position of
the AR and LT sources with respect to the erupting structure
is shown in Figure 11(c); this is similar to the CSHKP model
in three-dimensions, with reconnection in a current sheet
below the main axis of the flux rope. While the active region
source may be located in a reconnection site below the flux
rope, the looptop source is driven by the growing flux rope
body itself. A similar interpretation of a moving radio source
alongside a stationary one was given in Pick et al. (2005), i.e.,
one source close to the post flare loops and another moving
with the main body of the flux rope. This is usually observed
in imaging as a stationary flare continuum and moving type
IV burst (Robinson & Smerd 1975; Pick 1986). However, in

Figure 11. Schematic of event evolution, borrowing the fan-spine structure
configuration as outlined by Joshi et al. (2015) for this event. (a) event
initiation showing a tether cutting or flux cancellation-style reconnection close
to the rope center. The jet and electrons causing the type III group during
period 1 may propagate along Spine 1, which lies close to the center of the flux
rope. (b) as the eruption proceeds, one side of the flux rope encounters a null
point in the large fan, driving electron acceleration on Spine 2 and hence
producing type IIIs (as observed in period 2). (c) hypothesized locations of the
AR, LT, and LS observed in periods 3 and 4. The electron beam (green line)
indicates electrons accelerated at the eruption front.

6 The estimated energy of the electrons producing these type IIIs is ∼5 keV,
found using the drift rate in NDA and the same method as described for the
metric type III group.
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V	~	400	km/s



Gyrosynchrotron emission	from	
interplanetary	CMEs?

flux density of !106 SFU (1 SFU ¼ 10#22 W m#2 Hz#1). Be-
ginning at a time nearly coincident with the SXR maximum
(22:55 UT), a faint, slow-drift radio event is seen, first detected
at a frequency of $7.5 MHz. The diamond symbol in the top
panel of Figure 2 represents the projected radius of the CME
($3.5 R%) at the estimated time of the onset of the radio event.
During the course of more than 3 hr, the emission drifts to lower
frequencies and eventually becomes lost in the confusion of
brighter emissions at a frequency of $300 kHz at 01:30Y
02:30 UT on 2003 June 18, when the CME was !30 R% from
the Sun. Compared with the IP type III bursts, the IP type II-S
event is very faint, with a peak flux density of only!450 SFU.
The emission varies smoothly and shows neither substructure
nor any sign of additional components that are harmonically
related to the dominant lane of emission. The variation of peak
flux with time is characterized by a rapid rise to a broad max-
imum at$23:10 UT, followed by a monotonic decline to just a
few SFU. If !pk(t) is the frequency of the fluxmaximum at a time
t and!!(t) is the FWHMbandwidth of the spectrum at that time,
the bandwidth frequency ratio is !!/!pk $ 0:7 & 0:1. For rea-
sons that become apparent below, we refer to the slow-drift radio
burst as an IP type II-S event.

It is interesting to note the presence of a second type of
emission beginning at approximately 02:30 UTon 2003 June 18,
although it may begin with a faint fragment as early as 01:30 UT
(upper band). Here two lanes of emission are present. They are
harmonically related and vary irregularly with time. The fre-
quency bandwidth of each lane is!!/! $ 0:15. The two lanes

drift slowly to lower frequencies with time. The emission in this
case is identified as an IP type II-P event.

Note that while Cane & Erickson (2005) cite the June 17Y18
event as an ‘‘IP type II’’ event, they show only the first 60 min-
utes of the RAD2 dynamic spectrum. The RAD1 spectrum shows
type II-S emission extending down almost to 200 kHz, followed
by the type II-P emission. Cane & Erickson would have pre-
sumably classified the type II-P emission as blobs and bands.

3. DIFFICULTIES WITH THE PLASMA
RADIATION HYPOTHESIS

The emission identified here as an IP type II-S event differs
in significant ways, both qualitatively and quantitatively, from
most coronal type II bursts and their interplanetary extensions
and analogs. While it matches the definition of an IP type II
event as defined by Cane & Erickson (2005), the classification
of IP type IIYlike emissions requires further refinement. In the
case of the type II-S event, it is difficult to reconcile the properties
of the radio emission with the assumption that plasma radiation
is the relevant emission mechanism.

The frequency bandwidth ratio of the type II-S event is sig-
nificantly larger than that typically observed for coronal and
IP type II emissions (!!/! ! 0:2Y0.3; e.g., Aguilar-Rodriguez
et al. 2005a) but is consistent with that of IP type II events,
although Cane & Erickson did not analyze their sample quan-
titatively. Lengyel-Frey & Stone (1989) noted the large band-
widths of certain IP type II radio emission (denoted ‘‘class B’’
events by the authors) observed by the radio experiment on the
ISEE-3 spacecraft. Aguilar-Rodriguez et al. argue that the large
bandwidths inferred for ISEE-3 type II events may reflect a selec-
tion bias resulting from the frequencies sampled by the ISEE-3
experiment, but they nevertheless find (rare) events with fre-
quency bandwidth ratios ranging from 0.5 to 0.8.

Lengyel-Frey&Stone (1989) suggested that large bandwidths
can be understood in terms of density inhomogeneities in the
source. If the density inhomogeneities are given by!ne/ne, the
bandwidth of the resulting plasma radiation should be!!/! ¼
!ne/2ne. A problem with this idea is that the magnitude of
plasma density fluctuations !ne/ne is typically quite small in
the solar wind. Woo et al. (1995) used dual-frequency ranging
from Ulysses to show that !ne/ne varied from 1% to no more
than 20% over periods of 20 minutes to 5 hr (see also Celnikier
et al. 1987). To account for the observed frequency bandwidth
ratio on June 17Y18 would require !ne/ne ! 1:4, much larger
than is typically observed. It is therefore hard to see how a lo-
calized region could instantaneously produce broadband plasma
radiation through random density inhomogeneities. If the source
is very large, the shock could encounter many discrete densities
at any given time; but then it is difficult to understand why the
distribution of emission is continuous and smooth over the entire
radial range that the event is observed.

More recently, Knock & Cairns (2003, 2005) have quanti-
tatively explored sources of spectral structure in coronal and IP
type II bursts in the context of the plasma radiation model.
Knock & Cairns (2005) consider the case of a shock expanding
laterally in the quiescent corona and show that broadband emis-
sion can be produced, the two harmonics even merging in some
cases. It is questionable whether such a model applies to the
event considered here, however. By its very nature, a lateral
shock in the corona will not propagate significantly in the radial
direction and therefore does not propagate significantly into the
interplanetary medium. Knock & Cairns point out that the fre-
quency drift rate resulting from lateral shock expansionwould be

Fig. 2.—Observational summary of radio and SXR emission from the fast
halo CME on 2003 June 17. The top panel shows the time variation of theGOES
1Y88 SXR flux (right-hand axis) and the apparent height of the associated CME
as a function of time (asterisks), as measured by SOHO/LASCO (left-hand axis).
The dashed line represents a linear fit to the CMEdata. The diamond shows the in-
ferred height of the CME at the time the type II-S event begins. The bottom panel
shows a calibrated, background-subtracted dynamic spectrum composed fromWind
WAVESRAD1 andRAD2data. The type II-S event appears as a diffuse, slow-drift
band following the type III radio bursts. The type II-P emission appears as a har-
monic pair of narrowband lanes following the type II-S event. [See the electronic
edition of the Journal for a color version of this figure.]
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much less than that resulting from a radially propagating shock.
As shown below, the type II-S event discussed here shows a fre-
quency drift that is significantly faster than can be accounted for
by plasma radiation driven by a radially propagating shock.

Indeed, a defining property of coronal and IP type II radio
emission is the drift of the characteristic frequency from higher
to lower values with time. The frequency and drift rate of type II
radio emission are easily measured and, in the context of plasma
radiation, can be interpreted in a straightforward manner. The
measured frequency is assumed to be a measure of the electron
plasma frequency !pe and the drift rate is therefore assumed to
be !̇ / vS9ne/!pe, where vS is the speed of the source parallel
to the density gradient. The most common interpretation of IP
type II radio emission is that it occurs in the foreshock region of
the fast CME (see Cairns et al. [2000] for a summary of the data
and arguments in support of this conclusion). The density in the
source is therefore assumed to be the relatively undisturbed co-
rona and/or interplanetary medium. Analysis of coronal and IP
type II radio emissions typically involves fitting the time evo-
lution of the spectrum to a shock speed and trajectory, and to
a density model. Semiempirical models based on white light
(e.g., Newkirk 1967; Saito 1970; Saito et al. 1977) or radio data
(Fainberg & Stone 1971; Bird et al. 1994; Leblanc et al. 1998)
are used, although the model is often renormalized by a constant
scaling factor (e.g., Reiner et al. 2003). Adopting a given density
model, the source speed can then be inferred (e.g., Kaiser et al.
1998) from the frequency drift of the type II emission. With the
availability of high-quality white light coronagrams from SOHO
LASCO over wide range of coronal heights in recent years, the
projected speed of the shock driver—the CME—is known. Re-
cent work has used radio and white light observations jointly
to constrain shock dynamics (Reiner et al. 2003). Reiner et al.
(1998) point out that the density varies with radius nearly as r!2

beyond a few solar radii, so the plasma frequency, and hence
the observed radio frequency, should vary as r!1, an expectation
that is often borne out.

In the present case, the projected speed of the CME is well
measured; the start time and start frequency of the type II-S event
are also well constrained. Hence, the initial radius r0, corrected
for projection, and the electron number density ne(r0) are pre-
sumed known if the source is associated with the CME shock and
plasma radiation is the relevant emission mechanism. To be con-
crete, the density is assumed to vary with radius according to
the model of Saito et al. (1977), although other density models
yield similar results. Starting at t0 the CME is assumed to prop-
agate from r0 radially outward with either a projected speed of
1820 km s!1 (case 1) or a deprojected speed of 2010 km s!1

(case 2), driving a shock that produces plasma radiation. Fig-
ure 3a shows the expected drift rate for the Saito density model
overlaid on the dynamic spectrum for case 1 (dash-dotted line)
and case 2 (dashed line). In order to match the initial condition,
the Saito model must be multiplied by a factors of "4 and 6
for cases 1 and 2, respectively, assuming fundamental plasma
radiation. These normalization values should be divided by 4 if
harmonic plasma radiation is assumed. Regardless, the time
variation of plasma radiation fails to match that of the type II-S
event. Indeed, in order to approximately match the frequency
drift, the electron density must vary as ne / r!3 (case 1) or r!2:75

(case 2), and to account for the initial condition the source must
be overdense relative to Saito at r0 by factors given above. To
account for the type II-S event in terms of a plasma radiation
model therefore requires rather unusual conditions in the inner
heliosphere: the electron number density must be overdense
relative to the Saito et al. (1977) model, yet decline with radius

Fig. 3.—(a) Comparison of the frequency drift rates expected from plasma
radiation from a Saito et al. (1977) density model. The type II-S emission cannot
simultaneously fit the start frequency and the frequency drift (dashed, dot-dashed
lines). However, the type II-P fundamental and harmonic emission is adequately
fit (dotted lines) by the Saito et al. density model if the shock is on the flank of the
CME. The type II-S can be approximately fit by a density models that varies as
r!3 (dot-dashed line) or r!2:75 (solid line). (b) A simple synchrotron model of the
type II-S event. See text for a discussion of the model assumptions and parame-
ters. (c) Same as (a), but with plots of !pk(t) resulting from the synchrotron mod-
els. The solid line uses the deprojected CME speed (2010 km s!1), while the
dashed line uses the projected speed (1820 km s!1). [See the electronic edition of
the Journal for a color version of this figure.]

BASTIAN808 Vol. 665

Modeled	gyrosynchrotron
emission:
BCME ~	0.5-0.001	G	from	3	to	
30	Rsun

Bastian	2007,	Pohjolainen et	al.	2013
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Why	shocks	happen?
• When	the	propagation	speed	gets	faster	than	the	
“signal	speed”	of	the	medium
• Discontinuity	(P,	T,	𝜌,	B)
• Example:	propagation	of	a	sound	wave	in	an	
adiabatic	medium

Example: propagation of sounds wave in 
an adiabatic medium 

•  Propagation of a sound wave is              
For an adiabatic equation of state: 

€ 

vS
2 =

dP
dρ

€ 

P /ργ = constan t

So:  

€ 

vS ∝P
α

where  

€ 

α =
γ +1
2γ

𝑐1 = 𝑑𝑃/𝑑𝜌� 𝑃
𝜌6 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑐1 ∝ 𝑃=,	where	𝛼 =

𝛾 + 1
2𝛾
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Shock	Jump	Conditions
•  A propagating wave solution of the ideal fluid equations leads to infinite 

gradients in a finite time. There is no solution for the ideal MHD 
equations 

•  The breakdown in ideal equations occurs in a very thin region and the 
fluid equations are valid everywhere else. On in this very thin region is 
difficult to describe the plasma in details. 

•  The simple picture: is a discontinuity dividing two roughly uniform fluids 

The transition must be such as to conserve 
MASS, Magnetic Flux and Energy 

Region 1 (upstream) Region 2 (downstream) 

allows the equation (42) to be written

ρu
du

dx
+

dP

dx
=

d

dx

(

ρu2 + P
)

= 0 (46)

so
ρu2 + P = constant =⇒ ρ1u

2
1 + P1 = ρ2u

2
2 + P2. (47)

If we had kept the viscosity terms in the derivation, equation (46) would instead have been

d

dx

(

ρu2 + P −
4

3
µ

du

dx

)

= 0. (48)

Within the transition zone, where µ and du
dx are non-zero, ρu2 + P is not constant.

However, in the pre-shock and post-shock zones, µ and du
dx are negligible, so equation (47) holds.

We could use equation (48) (together with our other equations and the constitutive relation for
viscosity) to follow what happens within the transition zone. However, the fluid approximation
itself breaks down within this region.

Adding together equations (43) and (44) gives

0 =
d

dx

(

u
(

1

2
ρu2 + ρϵ

)

+ Pu
)

=
d

dx

(

ρu
(

1

2
u2 + ϵ +

P

ρ

))

=
(

1

2
u2 + ϵ +

P

ρ

)

d

dx
(ρu) + ρu

d

dx

(

1

2
u2 + ϵ +

P

ρ

)

.

Since d

dx(ρu) = 0 and ρu ̸= 0, this equation implies that

d

dx

(

1

2
u2 + ϵ +

P

ρ

)

= 0 =⇒ 1

2
u2 + ϵ +

P

ρ
= constant,

so
1

2
u2

1 + ϵ1 +
P1

ρ1

= 1

2
u2

2 + ϵ2 +
P2

ρ2

.

If we had been more complete, the conserved quantity would also include viscosity and heat con-
duction terms, but once again, these are unimportant outside of the transition zone.

In summary, we have the Rankine-Hugoniot jump conditions for a plane-parallel shock:

ρ1u1 = ρ2u2 (49)

ρ1u
2
1 + P1 = ρ2u

2
2 + P2 (50)

1

2
u2

1 + ϵ1 +
P1

ρ1

= 1

2
u2

2 + ϵ2 +
P2

ρ2

. (51)

Even though the physics of the shock region may be complicated and varied, these conditions
follow from conservation of mass, momentum, and energy alone. More precisely, the first follows
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𝑇& 𝑇C

For	plane-parallel	shock	(let’s	ignore	B	for	now)

Mass
Momentum

Energy

UpstreamDownstream

Reference	frame	of	the	shock



Shock	Jump	Conditions

• Mach	number:

• Rewrite	jump	conditions

• For	strong	shocks	(𝑀C ≫ 1)

from mass conservation, the second from mass and momentum conservation, and the third from
mass and energy conservation. If ρ1, u1, and P1 are known, we have three equations for the three
unknowns ρ2, u2, and P2.
Using ϵi = 1

γi−1

Pi

ρi
, the last of the jump conditions can be written

1

2
u2

1 +
γ1

γ1 − 1

P1

ρ1

= 1

2
u2

2 +
γ2

γ2 − 1

P2

ρ2

,

for a gas that has a polytropic equation of state.
Note that γ2 may be different from γ1 if, for example, the shock dissociates molecules, or raises the
temperature so that previously inaccessible degrees of freedom become accessible.

7.2 The Mach Number

The dimensionless number that characterizes the strength of a shock is the Mach number, the ratio
of the shock speed to the upstream sound speed:

M1 ≡
u1

a1

=

(

ρ1u2
1

γP1

)1/2

. (52)

The factor in () can be viewed as a ratio of “ram pressure” to thermal pressure in the pre-shock
gas, or as a ratio of kinetic energy density to thermal energy density.

In terms of the Mach number, the shock jump conditions are (Ryden eqs. 3-51)
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1 + 2][2γM2
1 − (γ − 1)]
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.

A strong shock is one with M1 ≫ 1, yielding

ρ2
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=
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≈
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= 4 (53)
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1 =
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16

m

k
u2

1, (55)

where the last equalities are for γ = 5/3.

In the rest frame of a strong shock, with γ = 5/3, the post-shock kinetic energy is

1

2
u2

2 ≈
1

32
u2

1,
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𝑀C ≡
𝑢C
𝑐C
=

𝜌C𝑢C&

𝛾𝑃C

C/&
(for	a	gas	that	has	a	
polytropic equation	of	state)
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mass and energy conservation. If ρ1, u1, and P1 are known, we have three equations for the three
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for a gas that has a polytropic equation of state.
Note that γ2 may be different from γ1 if, for example, the shock dissociates molecules, or raises the
temperature so that previously inaccessible degrees of freedom become accessible.

7.2 The Mach Number

The dimensionless number that characterizes the strength of a shock is the Mach number, the ratio
of the shock speed to the upstream sound speed:
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gas, or as a ratio of kinetic energy density to thermal energy density.
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In the rest frame of a strong shock, with γ = 5/3, the post-shock kinetic energy is
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from mass conservation, the second from mass and momentum conservation, and the third from
mass and energy conservation. If ρ1, u1, and P1 are known, we have three equations for the three
unknowns ρ2, u2, and P2.
Using ϵi = 1
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for a gas that has a polytropic equation of state.
Note that γ2 may be different from γ1 if, for example, the shock dissociates molecules, or raises the
temperature so that previously inaccessible degrees of freedom become accessible.

7.2 The Mach Number

The dimensionless number that characterizes the strength of a shock is the Mach number, the ratio
of the shock speed to the upstream sound speed:
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The factor in () can be viewed as a ratio of “ram pressure” to thermal pressure in the pre-shock
gas, or as a ratio of kinetic energy density to thermal energy density.

In terms of the Mach number, the shock jump conditions are (Ryden eqs. 3-51)
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In the rest frame of a strong shock, with γ = 5/3, the post-shock kinetic energy is
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from mass conservation, the second from mass and momentum conservation, and the third from
mass and energy conservation. If ρ1, u1, and P1 are known, we have three equations for the three
unknowns ρ2, u2, and P2.
Using ϵi = 1
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for a gas that has a polytropic equation of state.
Note that γ2 may be different from γ1 if, for example, the shock dissociates molecules, or raises the
temperature so that previously inaccessible degrees of freedom become accessible.

7.2 The Mach Number

The dimensionless number that characterizes the strength of a shock is the Mach number, the ratio
of the shock speed to the upstream sound speed:
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The factor in () can be viewed as a ratio of “ram pressure” to thermal pressure in the pre-shock
gas, or as a ratio of kinetic energy density to thermal energy density.

In terms of the Mach number, the shock jump conditions are (Ryden eqs. 3-51)
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from mass conservation, the second from mass and momentum conservation, and the third from
mass and energy conservation. If ρ1, u1, and P1 are known, we have three equations for the three
unknowns ρ2, u2, and P2.
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for a gas that has a polytropic equation of state.
Note that γ2 may be different from γ1 if, for example, the shock dissociates molecules, or raises the
temperature so that previously inaccessible degrees of freedom become accessible.

7.2 The Mach Number

The dimensionless number that characterizes the strength of a shock is the Mach number, the ratio
of the shock speed to the upstream sound speed:
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The factor in () can be viewed as a ratio of “ram pressure” to thermal pressure in the pre-shock
gas, or as a ratio of kinetic energy density to thermal energy density.

In terms of the Mach number, the shock jump conditions are (Ryden eqs. 3-51)
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where the last equalities are for γ = 5/3.

In the rest frame of a strong shock, with γ = 5/3, the post-shock kinetic energy is
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=	4	with	𝛾 = 5/3



Jump	conditions	for	MHD	Shocks
• More	terms	in	momentum	and	energy	
conservation	equation
• Additional	equations	from	𝛻 K 𝐵 = 0 and	magnetic	
flux	conservation

42 CHAPTER 4. RADIATIVE & MHD SHOCKS

Now that we’ve taken the trouble to write down these complicated equations,
we will ruthlessly simplify them. First we will ignore viscosity and heat
conduction, setting

↔
π= 0, ψ = 0, and F⃗ = 0. We will ignore gravity, and set

∇⃗Φ = 0. We will ignore radiative effects, and set f⃗rad = 0 and Γ − Λ = 0.
We will ignore diffusion of the magnetic field, and set η = 0.

All of these simplifications will make it possible for us to consider a steady-
state planar shock in the presence of a magnetic field. If a planar shock front
exists, then the velocity vector u⃗ and the magnetic field vector B⃗ can both be
broken down into components perpendicular to the shock front (designated
by the subscript ⊥) and parallel to the shock front (designated by the sub-
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The most mathematically tractable MHD shock is a normal shock (u∥ = 0,
u⊥ = u) in which the magnetic field is parallel to the shock front (B⊥ = 0,
B∥ = B). In this case, the jump relations simplify to the form

ρ1u1 = ρ2u2 (4.44)
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Shock	signatures:	white	light	and	EUV	
imaging

From	Angelos Vourlidas

Shock

CME

• Diffuse	front	in	white	light	(LASCO/C2)	
• Resulted	from	density	compression:	𝐼 ∝ 	𝑛#𝑙



Shock	signatures:	white	light	and	
EUV	imaging

EUV	wave/shock

EUV	wave/shock

Kozarev et	al.	2011,	ApJ,	733,	25

• Diffuse	front	in	EUV	
(SDO/AIA)

• Also	resulted	from	
density	compression,	
but	𝐼 ∝ 	𝑛#&𝑙

• Low	corona



Shock	signatures:	UV	Spectroscopy

FIGURE 3. Two examples of shock detections by UVCS. Top left: LASCO/C2 running difference
image showing the June 27, 1999 event and the location of the UVCS slit (solid black line) during the
observations. Top middle: O VI ll1032-1037 intensities observed during the transit of the CME-driven
shock. Top right: line profile broadenings observed at the shock transit [average over the spatial region
shown in the middle panel by the two solid white lines; 19]. Bottom: same as top panels, but for the May
7, 2004 event [15].

also related to the Doppler dimming effect [see 17].
The most evident signature of a shock in EUV spectra is a broadening of the O VI

ll1032-1037 line profiles in close correspondence to the shock transit, as derived from
shock speeds either measured in the LASCO coronagraph images or derived from the
frequency slope of accompanying type-II radio bursts (Fig. 3). Spectral signatures of
the shocks have been detected from about 1.7 R� up to 4.3 R� (Table 1). The observed
broadening is usually reproduced with superposition of a narrower component due to
emissison from coronal plasma located along the line of sight (LOS), and a broader
component due to the shock emission (e.g., Fig. 3 bottom right panel). The latter is often
red- or blue-Doppler shifted by up to 0.4Å with respect to the coronal emission because
of the LOS component of shock velocity, resulting in asymmetric observed profiles
[see e.g., 19, 2, and Fig. 3, top right panel]. FWHMs of broad components typically
correspond to post-shock O5+ kinetic temperatures Tk ⇠ 108K. Broadenings observed in
spectral lines emitted by different ions/elements are representative of heatings occurring
for different charge-to-mass ratios, thus providing important information on physical
mechanisms occurring across the shock surface. For instance, [12] pointed out that the
observed O VI l1032 line broadening can be explained by the mechanism proposed by
[11], where the heating at a quasi-perpendicular shock is due to the nondeflection of ions
at the shock ramp. For another event, [13] concluded that observed deficiency of O5+ ion
heating might be attributable to different local plasma conditions, such as higher values
of the b parameter (i.e. thermal over magnetic plasma pressure) in the corona crossed
by the shock. This would be in agreement with [10], who found that, for supercritical
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• UV	Line	broadening	and	Doppler	shifts	(SOHO/UVCS)
• Resulted	from	post-shock	plasma	heating,	density	enhancement,	and	bulk	speeds



Constraining	shock	parameters
TABLE 1. CME-driven Shock Parameters Derived from UVCS data

Date
Height
(R�)

Speed
(km s�1)

Density
(106 cm�3) Log(Tk) X Reference

06/11/98 1.75 1200 1 8.7 1.8 [20]
06/27/99 2.55 1200 — <8.2 — [19]
03/03/00 1.70 1100 10 8.2 1.8 [12]
06/28/00 2.32 1400 2 8.1 — [3]
07/03/02 1.63 1700 5 8.0 2.2 [13]
22/03/02 4.30 1460 0.011 7.3 2.1 [2]
07/05/04 1.86 690 5 <7.0 — [15]

TABLE 2. Physical Parameter at a CME-driven Shock derived by Be-
mporad & Mancuso (2010)

Te (106 K) ne (10�4 cm�3) v (km s�1) B (mG)

upstream 0.23 1.1 100 19
downstream 1.9 2.3 424 37

interplanetary shocks, the heating of ions tends to decrease for increasing values of b .
Nevertheless, the interpretation is not always straightforward because the line broad-

ening may also be due to non-thermal effects from ions energized at the shock front [9]
and to the expansion of the CME front. For instance, after studying 22 full and partial-
halo CMEs observed by UVCS, [4] concluded that, by assuming hemispherical shapes
for the shock fronts, the O VI l1032 line broadenings in 3 events can be entirely ascribed
to the LOS component of the bulk expansion, while this explanation was inadequate in 5
events. A correct estimate of the post-shock kinetic temperatures requires a subtraction
of the line broadening due to the plasma expansion along the LOS.

There is a high degree of complementarity between the coronagraphic (spatial distri-
bution, speed of driver and shock) and spectroscopic measurements (pre- and post-shock
plasma parameters). Indeed, combined analyses of LASCO and UVCS observations can
obtain the full range of plasma parameters upstream and downstream of the shock, in-
cluding the magnetic field in both regimes. The MHD Rankine-Hugoniot jump rela-
tions for an oblique shock provide not only the post-shock plasma parameters, but also
the pre- and post-shock magnetic field strength when the pre-shock coronal plasma pa-
rameters, with the exception of the magnetic field, can be determined by spectroscopic
measurements (i.e., electron density and temperature, pre-shock and shock velocity) and
the density compression ratio across the shock is determined by coronagraphic measure-
ments. Such results derived by [2] are summarized in Table 2. Interestingly, the magnetic
and kinetic energy density increases are nearly equal (as expected for equipartition of
energy), and are both more than two times larger than the thermal energy increase. This
trailblazing study demonstrates the power behing off-limb spectroscopic observations
when combined with coronagraphic CME images.
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From	Vourlidas &	Bemporad 2012
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CME-driven	shocks:	in	situ	signatures
Shock



Shocks	are	good	particle	accelerators

From	Cane	&	Lario	2006
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Type	II	Observations:	Spectrographs



Type	II	Observations:	Spectrographs



Type	II	observations:	
Goniopolarimetry and	Triangulation

Mäkelä et	al.	2016



Bain	et	al	2012

Zimovets et	al	2012

Type	II	radio	bursts	from	CME	nose

Type	II	Observations:	Imaging



Type	II	Observations:	Imaging

Type	II	radio	bursts	from	CME	flank

From	Carley	et	al.	2013



Fine	structures	of	type	II	radio	bursts:	
“Herringbone”	structure
• Electron	beams	escaping	both	upstream	and	
downstream	

Type	II	“Backbone”

Normal	(negative)	slope	
type-III	like	bursts

Reverse	(positive)	slope	
type-III	like	bursts



Fine	structures	of	type	II	radio	
bursts:	“Split-band”	feature
• Plasma	radiation	from	both	shock	upstream	and	
downstream,	or	from	different	parts	of	the	shock	fronts	

A&A 547, A6 (2012)

(Lee 1980). The Lee filter is an adaptive filter that estimates the
local statistics around the chosen pixel. It preserves image sharp-
ness and detail while suppressing noise.

The created base-difference image is divided into a set of
columns that are parallel to the chosen direction. Specifically,
we chose the radial direction connecting the center of the Sun
and the centroid of the soft X-ray source observed by RHESSI
in the pre-impulsive phase of the flare (straight dashed line in
Fig. 2; see also Sect. 2.3). After this, one-dimensional scans are
made along each resulting column pixel by pixel. The start of
each scan is chosen at a point farthest away from the photo-
sphere. Each scan is used to find the farthest point of the eruptive
plasma LE from the photosphere. Such a point is determined
when several consecutive points (e.g., N = 10, but it is not a
critical parameter), if searched from the scan’s start, are strictly
increasing.

For the absolute majority of all the analyzed images, the
points of the LE found in the vicinity of its intersection with
the chosen direction are reliably approximated by a parabola
(see Figs. 3 and 7). Coordinates of the least square fit parabola’s
apices are used for the further analysis (particularly in Fig. 8).
Finally, the CE of the hot plasma blob in each 131 Å image is de-
termined by averaging over coordinates of the brightness peaks
of all one-dimensional scans made in the vicinity of the chosen
radial direction.

The technique described above is capable of finding the po-
sition of the LE of the eruptive plasma, which is likely the LE
of the magnetoplasma sheath (see Sect. 4). The technique is ro-
bust, though it could underestimate slightly (σ <∼ 15′′) the real
position of the LE due to the restricted AIA sensitivity, the field
of view, and the implementation of the noise supressor. The de-
veloped technique probably cannot detect the real position of the
hypothetical shock wave front. However, if the shock wave front
was really formed in the studied event, then it should always be
situated somewhere above the estimated LE of eruptive plasmas
while in the piston-driven shock wave scenario. The radio obser-
vations presented later will show some evidence in favor of this
statement.

2.3. Coronal X-ray and decimetric radio sources

The initial phase of the hot plasma blob ascent (since
≈12:13 UT) was accompanied by a single impulsive hard X-ray
burst with FWHM ≈ 1 min (Fig. 1). This burst was associ-
ated with the formation of a double coronal hard X-ray source
(ϵγ ≈ 20−50 keV) observed by RHESSI (Fig. 2). The lower part
of this double source peeped out through the limb and coincided
well with the soft X-ray source in the 6−12 keV range, which
was situated under the erupting hot plasma blob. At the same
time, the upper part of the double source seemed to be placed
inside the hot erupting plasma blob (Fig. 2). Spectral analysis
of the RHESSI data reveals that the hard X-ray emission with
ϵγ >∼ 20 keV was non-thermally dominated, indicating that it
was produced by accelerated electrons. This is also confirmed by
spectral analysis of the microwave emission (the detailed anal-
ysis will be published elsewhere). After t ≈ 12:15 UT, the up-
per part of the double coronal hard X-ray source disappeared
on the RHESSI images, while the lower part and the soft X-ray
source retained their position for several minutes. Unfortunately,
it is very difficult to study reliably the dynamics of the hard
X-ray sources in more detail because of the low counting rate
of the RHESSI detectors at ϵγ >∼ 20 keV. Nevertheless, a con-
nection between the coronal hard X-ray sources appearance and
plasma eruption is evident.

Fig. 4. Background-subtracted dynamic radio spectrum of the
3 November 2010 solar eruptive event obtained with the Phoenix-4
spectrograph (upper panel). Green and turquoise horizontal strokes
with diamonds in the middle indicate respectively when the sources of
the LFC and HFC of the type II burst’s H-component (H) were observed
by the NRH for the first 10 s after its first appearance. Crosses of the
same colors represent the LFC’s and HFC’s first appearence at differ-
ent frequencies below 180 MHz according to the San Vito spectrograph
data. Dark blue horizontal strokes with diamonds indicate the 10 s inter-
vals of the HFC maximal intensity in appropriate frequencies. Time pro-
files of radio flux density measured by the NRH from the south-eastern
sector of the Sun with time cadence of 1 s as well as one second solar
radio flux density measured by San Vito telescope (RSTN) at 610 MHz
are shown by the black and white curves, respectively. Four seconds
RHESSI corrected count rates at the 6−12 and 25−50 keV ranges are
depicted by the blue and red curves, respectively. The green vertical
dashed line indicates the start time of the type II burst’s H-component.
Black vertical dash-dotted lines marked by (a), (b), (c), (d) letters on top
of the panel indicate four different moments for which four panels of
Fig. 7 were made. The orange dash-dotted line connects the separated
fragments of the type II burst’s F-component (F). The thin turquoise
rectangular box indicates a piece of the spectrogram, which is repre-
sented in the lower panel using a slightly different color palette. The
band splitting of the type II burst H-component is clearly seen.

The hard X-ray burst was accompanied by an impulsive mi-
crowave burst (observed particularly by the San Vito telescope,
a part of the Radio Solar Telescope Network, RSTN) as well as
by groups of decimetric bursts with low and high frequency cut-
offs at fl ≈ 400 and fh ≈ 700 MHz, respectively (marked DCIM
in Fig. 4). Source centroids of these decimetric bursts were
located ≈160 Mm away from the coronal hard X-ray sources
and≈110 Mm from a trajectory of erupting plasma (Fig. 2). Note
that such a displacement of coronal hard X-ray sources and deci-
metric bursts has been reported in other events (e.g., Benz et al.
2011). This indicates that nonthermal electrons accelerated in
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Fig. 7. Composite base-difference images of the active area near the eastern limb of the Sun made by AIA in 131 Å (turquoise) and 211 Å (purple)
passbands at four different times of the 3 November 2010 event. These times are marked by dash-dotted vertical lines in Figs. 4 and 8. Green,
yellow, and red dashed parabolas on panels a), b) and c), respectively, indicate the approximated LE of eruptive plasma observed by AIA in
211 Å passband. The parabolas’ colors are consistent with the colorbar in Fig. 3. Solid lines of different colors are the NRH contours (95% of the
peak flux), which indicate locations of centroids of the type II burst sources at different frequencies (indicated within each panel) at appropriate
moments. All AIA and NRH images are matched within 5 s. Red dashed line in all panels indicates a projection of the radius-vector passing
through the X-ray flare onto the image plane.

this source seemed to coincide with the near limb legs of the
erupting magnetoplasma structure, whereas the upper part
was placed somewhere inside the hot erupting plasma blob.

4. Half a minute after the peak of the flare impulsive phase,
the type II radio burst appeared at decimetric/metric wave-
lengths. Mainly the second harmonic emission was observed
in ≈560−130 MHz range. Signatures of herringbone struc-
tures were found, but no type III radio bursts were observed
during the entire event. This suggests that accelerated elec-
trons had no access to open magnetic field lines in the course
of the plasma eruption.

5. The type II burst was splitted in two sub-bands, low- and
high-frequency components (LFC and HFC). The mean
value of the instantaneous relative bandwidth was estimated
as ⟨∆ f / f ⟩ = 0.16 ± 0.02. This value is within the statistics
reported for the split-band coronal type II radio bursts.

6. The LFC was about two times less intense and had 3–5 times
narrower frequency bandwidth than the HFC.

7. The LFC and HFC sources had similar circular shapes, but
at a given frequency the LFC source had a slightly smaller
size than the HFC one.

8. Initially, the LFC source was observed by the NRH just
near the apex of the warm eruptive plasma rim, but it was
moving upward at twice the speed of the rim’s apex. The
characteristic velocity of the LFC source was estimated as
vLFC ≈ 2200 km s−1.

9. The apparent direction of the LFC source motion coincided
well with the radial one and that of the erupting plasma.

10. At any time the HFC source seemed to fill almost all the
space between the LFC source and the LE of the warm
plasma rim.

11. Linear back-extrapolation of the observational data points on
the height-time plot gave evidence that an exciting agent of
both the LFC and HFC sources could be launched from the
vicinity of the upper part of the double coronal hard X-ray
source in the flare impulsive phase.

4. Discussion

First of all, it should be noted that according to the AIA/SDO
and RHESSI combined observations, the entire picture of the
3 November 2010 event was consistent with the standard erup-
tive flare scenario, i.e., the CSHKP model (see also Reeves &
Golub 2011; Foullon et al. 2011; Cheng et al. 2011). Shock

waves of various kinds are expected phenomena of such a model
(e.g., Hirayama 1974; Priest 1982).

However, we shall also clarify here that there is no direct
observational evidence of a shock in this event. No shock wave
fronts that would have sharply separated the “disturbed” (down-
stream) and “undisturbed” (upstream) regions ahead of the LE
of the erupting plasmas were found using EUV observations of
the AIA/SDO. We emphasize that the measured LE of the erup-
tive plasmas is most probably not a hypothetical shock wave
front. If a shock wave was indeed formed, its front should always
be located somewhere above the measured LE. Nevertheless,
compelling indirect evidence of a shock wave formation was
found in this event with the NRH and Phoenix observations:
the type II radio burst sources were observed to propagate with
(probably) super-magnetosonic speeds above the LE of the erup-
tive plasmas. We will thus assume below that a shock wave was
really formed in this event.

Our discussion will be limited to two subjects: 1) possible
origin of the shock wave; 2) possible origin of the observed band
splitting of the type II radio burst.

4.1. Shock wave driver

As already been mentioned in Sect. 1, type II radio bursts are
believed to be produced by MHD shock waves. However, it is
still unclear whether these shock waves are bow or piston shocks
driven by eruptive magnetoplasma structures or blast shocks due
to an explosive flare energy release localised in space and time
(see comprehensive reviews on this topic given by, e.g., Vrsnak
& Lulic 2000; Vršnak & Cliver 2008).

4.1.1. Piston-driven shock wave

We found strong evidence in favor of the first (piston-driven
shock wave) scenario: 1) the location of the type II burst sources
above the apex of the eruptive plasma LE (see Figs. 6−8), and 2)
the same propagation direction of the type II burst sources and
erupting plasma apex (see Figs. 3, 5, and 6).

These results are similar to the results obtained by Bain
et al. (2012) for the same event of 3 November 2010 and by
Dauphin et al. (2006) for the 3 November 2003 flare, when the
type II burst sources were observed originating above the ris-
ing soft X-ray loops. Both Bain et al. (2012) and Dauphin et al.
(2006) interpreted their observations in the frame of the piston-
driven shock wave scenario. Spatially resolved observations of
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Summary
•Radio	observations	track	CMEs	from	birth	to	Earth
• Sensitive	to	thermal	(core,	body),	gyrosynchrotron
(core,	leading	edge),	and	plasma	radiation	(core,	
body,	shock)

• Provides	means	of	measuring	speed,	acceleration,	
width	(CME	body	and	shock),	and	identification	of	
electron	acceleration	site	(type	II)

• Can	also	measure	B	(CME),	nth (CME),	nnonthermal
(CME),	nth (core),	T	(core),	X	(shock)

•Complementary	to	white	light	and	in	situ
observations


